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5 CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] The present application is a continuation-in-part of and claims the benefit of U.S. 
Patent Application No. 10/685,783, filed on October 15, 2003, which claims the benefit 
of U.S. Provisional Patent Application No. 60/455,752, filed on March 19, 2003, all of 
which are incorporated herein by reference. 
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STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 
[0002] Not Applicable. 

FIELD OF THE INVENTION 
15 [0003] The present invention relates generally to electrical circuits and, more particularly, 
to electrical circuits for controlling power to a load. 

BACKGROUND OF THE INVENTION 

[0004] As is known in the art, there are a variety of circuits for energizing a load that 
20 attempt to improve the overall circuit performance. Some circuits utilize feedback from a 
load to bias components, such as diodes, to the conductive state to enable more efficient 
charging of storage capacitors, for example. Exemplary power control, dimming, and/or 
feedback circuits are shown and described in U.S. Patent Nos. 5,686,799, 5, 691,606, 
5,798,617, and 5,955,841, all of which are incorporated herein by reference. 

25 

[0005] FIG. 1 shows an exemplary prior art resonant circuit having a feedback path FB 
via a series capacitor Cs to a point PFB between diodes Dl, D2 that form a voltage 
doubler circuit. An input filter IF includes an inductor LI and a capacitor CI to limit the 
energy from the resonant circuit that goes back out on the line via the input terminals, 
30 which can correspond to conventional white and black wires WHT, BLK. While the 
voltage level of the feedback signal applied to the diodes Dl, D2 can be increased by 

1 



resonance between the various LC elements CF, LR1, LR2, the amount of feedback is 
limited to an acceptable amount of electromagnetic interference generated by a portion of 
the feedback signal flowing back out through the input inductor LI and capacitor CI . 
That is, some known circuits having feedback from the load can generate significant 
5 Electromagnetic Conductive interference (EMC) that degrades circuit performance and 
limits use of the feedback. 

[0006] It would, therefore, be desirable to overcome the aforesaid and other 
disadvantages. 

10 

SUMMARY OF THE INVENTION 

[0007] The present invention provides a resonant circuit using feedback from a load to 
promote linear operation of rectifying diodes while limiting electromagnetic conduction 
interference from the feedback signal. With this arrangement, a clamped amount of the 
15 high frequency load feedback signal can be used to maintain rectifying diodes in a 
conductive state so as to make non-linear loads appear linear. While the invention is 
primarily shown and described in conjunction with a ballast circuit energizing a 
fluorescent lamp, it is understood that the invention is applicable to circuits in general in 
which a feedback signal can enhance circuit performance. 

20 

[0008] In one embodiment, a circuit includes first and second input terminals for 
receiving an AC input signal and an input inductor having a first end coupled to the first 
terminal. The circuit further includes a feedback path for transferring a signal from a load 
to a second end of the first inductor and a blocking capacitor coupled in parallel with the 
25 input inductor so as to form a notch filter tuned to a frequency of the load signal on the 
feedback path. With this arrangement, the entire load current can be provided as 
feedback to rectifying diodes to promote linear operation of the diodes while the notch 
filter blocks energy from the feedback signal from going back out onto the line. 
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[0009] In another aspect of the invention, a circuit, such as a resonant ballast circuit, 
includes a load inductor inductively coupled to a resonant inductor and a Positive 
Temperature Coefficient (PTC) element that combine to provide a soft start for a load, 
which can correspond to a fluorescent lamp. 

5 

[0010] In a further aspect of the invention, a resonant circuit includes a clamped feedback 
signal for providing a load current signal envelope that substantially tracks an input 
signal. With this arrangement, circuit efficiency is enhanced by the linear operation of 
the circuit. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

[001 1] The invention will be more fully understood from the following detailed 
description taken in conjunction with the accompanying drawings, in which: 

15 [0012] FIG. 1 is a schematic diagram of a prior art circuit having feedback from a load; 

[001 3] FIG. 2 is a schematic depiction of a circuit having a feedback path in accordance 
with the present invention; 

20 [0014] FIG. 3 is a schematic depiction of a further circuit having a feedback path in 
accordance with the present invention; 

[0015] FIG. 4 is a schematic depiction of another circuit having a feedback path in 
accordance with the present invention; 

25 

[0016] FIG. 5 is a schematic depiction of a circuit providing a soft start in accordance 
with the present invention; 

[0017] FIG. 6 is a graphical depiction of impedance versus temperature for a positive 
30 temperature coefficient element that can form a part of the circuit of FIG. 5; 
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[0018] FIG. 7 A is a graphical depiction of lamp voltage provided by the circuit of FIG. 5; 

[0019] FIG. 7B is a graphical depiction of lamp cathode current provided by the circuit of 
5 FIG. 5; 

[0020] FIG. 8 is a schematic depiction of an exemplary circuit having clamped feedback 
in accordance with the present invention; 

10 [0021] FIG. 9 is a graphical depiction of a load current signal generated by a prior art 
circuit; 

[0022] FIG. 10 is a graphical depiction of a linear load current signal generated by a 
circuit in accordance with the present invention; 

15 

[0023] FIG. 1 1 is a graphical display of a voltage signal at a node in the circuit of FIG. 8; 

[0024] FIG. 12 is a graphical depiction showing a relationship between an input voltage . 
signal, a feedback current signal, and a load current signal; 

20 

[0025] FIG. 13 is a schematic depiction of an exemplary circuit having clamped feedback 
in accordance with the present invention; 

[0026] FIG. 14 is a schematic depiction of an exemplary circuit having clamped feedback 
25 in accordance with the present invention; 

[0027] FIG. 15 is a schematic depiction of an exemplary circuit having clamped feedback 
in accordance with the present invention; 



[0028] FIG. 16 is an exemplary circuit diagram for the circuit of FIG. 15 in accordance 
with the present invention; 

[0029] FIG. 17 is a textual representation showing exemplary component values for the 
5 circuit of FIG. 16; 

[0030] FIG. 18 is a graphical depiction of a load current signal and an input voltage 
signal for a dimming application in accordance with the present invention; 

1 0 [003 1 ] FIG. 1 9 is a schematic diagram of an exemplary prior art dimming circuit; 

[0032] FIG. 19A is a graphical depiction of a dimming signal provided by the prior art 
circuit of FIG. 19; 

15 [0033] FIG. 20 is a schematic depiction of a ballast having clamped feedback in 
accordance with the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0034] FIG. 2 shows an exemplary circuit 100 having a feedback path FB from the load 
20 LD, here shown as a fluorescent lamp (a non-linear load), to a point PFB between first 
and second diodes Dl, D2 coupled across first and second rails 102, 104 in a voltage 
doubler configuration. The feedback path FB can include a series capacitor CS coupled 
between the load LD and the feedback point PFB. 

25 [0035] First and second storage capacitors C01, C02 are coupled end-to-end across the 
rails 102, 104. A first input terminal 106, which can correspond to a conventional black 
wire, is coupled via an input inductor LI to the feedback point PFB between the diodes 
Dl, D2. A second input terminal 108, which can correspond to a conventional white 
wire, is coupled to a point between the first and second capacitors C01 , C02. An input 

30 capacitor CI can be coupled between the first and second terminals 106, 108. 
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[0036] In one particular embodiment, the resonant circuit 100 includes first and second 
switching elements 1 10, 1 12 coupled in a half bridge configuration for energizing a load. 
The resonant circuit 100 includes a resonant inductor LR, a resonant capacitor CR, and a 
5 load LD, such as a fluorescent lamp. It is understood that the load can be provided from a 
wide variety of resonant and non-resonant, linear and non-linear circuits, devices and 
systems. It is further understood that the switching elements can be provided in a variety 
of topologies, such as full bridge arrangements, without departing from the present 
invention. In addition, the switching elements can be selected from a wide variety of 
10 device types well known to one of ordinary skill in the art. 

[0037] The circuit 100 further includes a blocking capacitor CP coupled in parallel across 
the input inductor LI . The impedance of the blocking capacitor CP is selected to resonate 
in parallel with the input inductor LI at a frequency representative of the feedback signal, , 
15 which corresponds to an operating frequency of the load. The blocking capacitor CP and 
the input inductor LI provide a notch filter at the frequency of the feedback signal so as 
to block energy from the feedback signal from going back out onto the line through the 
input terminals 106, 108. The notch filter allows minimal current flow from the feedback 
signal through the input capacitor CI and input inductor LI. 

20 

[0038] Since the path back out onto the line is blocked, substantially all of the feedback 
signal energy, which can correspond to the entire load current, is directed to maintaining 
the diodes Dl, D2 in a conductive state. The high frequency feedback signal biases the 
diodes Dl, D2 to the conductive state, which facilitates the flow of energy from the line 
25 to the storage capacitors C01, C02. With this arrangement, a non-linear load appears to 
be linear. 

[0039] FIG. 3 shows another embodiment 100' having enhanced linear operation similar 
to that of FIG. 2, where like reference designations indicate like elements. The circuit 
30 100' includes a full bridge rectifier Dl, D2, D3, D4 having first and second series 
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capacitors CS1, CS2 coupled end-to-end between AC terminals RAC1, RAC2 of the 
rectifier. A storage capacitor CO is coupled across the DC rails RDC1, RDC2. A 
feedback path FB extends from the load LD, here shown as a lamp, to a point PFB 
. between the first and second series capacitors CI, C2. 

5 

[0040] A first input inductor Ll-1 is located at the first input terminal 106 and a second 
input inductor LI -2, which can be inductively coupled with the first input inductor Ll-1, 
is located at the second input terminal 108. It is understood that the input inductors Ll-1, 
LI -2 can be coupled or independent depending upon the needs of a particular application. , 
10 A first blocking capacitor CP-1 is coupled in parallel with the first input inductor Ll-1 to 
form a notch filter tuned to the feedback signal from the load LD. A second blocking 
capacitor CP-2 is coupled in parallel with the second input inductor LI -2 to also form a 
notch filter tuned to the feedback signal. 

15 [0041] In one particular embodiment, the impedance of the first and second input 

inductors Ll-2, Ll-2 are substantially the same and the impedance of the first and second 
blocking capacitors CP-1, CP-2 is substantially the same. 

[0042] With this arrangement, energy from the feedback signal FB is directed to 
20 maintaining the full bridge rectifier diodes D1-D4 in the conductive state since the notch 
filters Ll-1, CP-1 and Ll-2, CP-2 block energy from the feedback signal from going back 
out on the line and thereby minimize EMC levels. 

[0043] FIG. 4 shows another embodiment 100" having enhanced linear operation similar 
25 to that of FIG. 3, where like reference designations indicate like elements. The circuit 
100" includes first and second feedback paths FBI, FB2 from the load LD to respective 
first and second DC terminals RDC1, RDC2 of the full bridge rectifier D1-D4. The first 
feedback path FBI includes a first series capacitor CS1 and the second feedback path FB2 
includes a second series capacitor CS2. The circuit 100" further includes a first bridge 
30 diode DF1 coupled between the first feedback point RDC1 and the first switching 
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element 110 and a second bridge diode DF2 coupled between second feedback point 
RDC2 and the second switching element 1 12. 

[0044] With this arrangement, the entire feedback from the load can be provided to the 
5 rectifying diodes to promote linear operation of the rectifying diodes D1-D4. Notch 

filters provided by parallel LC resonant circuits tuned to a frequency representative of the 
feedback signal enable most of the load signal to be fed back, since the notch filter 
reduces the EMC energy going back out on the line to acceptable levels, even under 
applicable residential standards. 

10 

[0045] While the exemplary embodiments show a circuit having EMC-reducing notch 
filters as parallel resonant LC circuits, it is understood that other resonant circuits can be 
used to provide the notch filter. 

15 [0046] In a further aspect of the invention, a ballast circuit includes a load inductor 
inductively coupled with a resonant inductor, a resonant capacitor, and a positive 
temperature coefficient (PTC) element, that combine to promote a soft start sequence for 
a lamp. With this arrangement preferred voltage and current start up levels are provided 
to a fluorescent lamp, for example. 

20 

[0047] FIG. 5 shows an exemplary resonant circuit 200, here shown as a ballast circuit, 
having a lamp start up sequence in accordance with the present invention. The circuit 
200 includes a resonant inductor LR1 coupled between first and second switching 
elements Ql , Q2 coupled in a half-bridge topology. The circuit can further include a 
25 conventional input stage having voltage doubler diodes Dl, D2, storage capacitors C01 , 
C02, and an LC input filter. 

[0048] It is understood that the circuit can include various topologies 1 without departing 
from the present invention. It is further understood that the switching elements can be 
30 provided from a wide range of device types well known to one of ordinary skill in the art. 
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[0049] The exemplary circuit 200 further includes first and second load terminals LT1, 
LT2 across which a load LD, such as a fluorescent lamp, can be energized via a current 
flow. A resonant capacitor CR and a load inductor LR2 are coupled end-to-end across 
5 the first and second load terminals LT1, LT2. The load inductor LR2 is inductively 
coupled to the resonant inductor LR1 . A PTC element PTC is coupled in parallel with 
the resonant capacitor CR. 

[0050] As is shown in FIG. 6 and known in the art, a PTC element has a first (resistive) 
10 impedance Rl at a first (lower) temperature range and a second (resistive) impedance R2, 
which can be significantly higher than the first impedance, at a second (higher) 
temperature range. In general, at some temperature Tc the PTC impedance dramatically 
changes from the first impedance Rl to the second impedance R2. In an exemplary 
embodiment, the Tc for the PTC is about 120° C, the cold impedance is about IkOhm 
15 and the voltage rating is 350Vrms. One of ordinary skill in the art will readily appreciate 
that PTC characteristics can be selected to meet the needs of a particular application. 

[0051] As shown in FIG. 7A, a relatively low voltage Vlamp is applied to the lamp for a 
soft start time tss and a relatively high initial cathode current level Icathode, which can be 

20 referred to as a glow current, simultaneously flows through the lamp cathodes to warm 
. them up for the soft start time tss, e.g., about 0.5 seconds, as shown in FIG. 7B. After the 
soft start time, the positive temperature coefficient element PTC warms up to the 
predetermined temperature Tc so that the PTC impedance increases to the second higher 
level R2. As the PTC element impedance rises dramatically to approach an open circuit 

25 characteristic, a strike voltage Vs is applied to the lamp. After the strike voltage is 

applied, operational lamp voltage Vlamp levels and cathode current Icathode levels are 
achieved. 

[0052] The load inductor LR2 helps define the voltage across the lamp. It is well known 
30 that some loads, such as Compact Fluorescent Lamps (CFLs), have a relatively wide 
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operating range. For example, while the current level may fall after dimming the lamp, 
the voltage across the lamp may not. As is also known, the load voltage has a natural 
tendency to increase as the operating frequency of the resonant circuit increases. The 
load inductor L2 resists this voltage elevation since its impedance rises with increases in 
5 frequency. Thus, the load inductor LR2 helps maintain a constant circuit operating 
frequency. 

[0053] In another aspect of the invention, a resonant circuit includes a clamped feedback 
signal that provides a load current signal having an envelope substantially tracking an 
10 input signal. With this arrangement, the load current signal envelope tracks the input 
signal to promote linear operation and circuit efficiency even in the presence of storage 
capacitors. 

[0054] FIG. 8 shows an exemplary resonant circuit 200 having a linear load current signal 
15 in accordance with the present invention. FIG. 8 has some commonality with FIG. 2 
where like reference numbers indicate like elements. FIG. 8 further includes first and 
second clamping diodes D1C, D2C coupled end-to-end across the voltage rails 102, 104. 
A point PCG between the first and second clamping diodes D1C, D2C forms a node 
between series capacitor CS and the lamp. The circuit 200 can further include an optional 
20 impedance, here shown as capacitor CPF, to adjust the feedback signal as described more 
fully below. 

[0055] In operation, a global current iG flows through the resonant inductor LR and splits 
into a resonant capacitor current iCR and a load current iL though the lamp. Coming 

25 from the lamp the re-combined global current iG splits at the node PCG between the 
clamping diodes D1C, D2C into a first clamping current iCl through the first clamping 
diode D1C, a second clamping current iC2 through the second clamping diode D2C, and 
a feedback current iF through the series capacitor CS. In general, the clamping diodes 
D1C, D2C clamp the voltage VC generated by the global current iG to a voltage 

30 determined by the first and second storage capacitors C01, C02. 
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[0056] While arrows for current flow are shown for illustration, it is understood that 
these currents are alternating currents. In addition, the clamping diodes D1C, D2C are 
shown as diodes, it is understood that any suitable clamping device, active or passive, can 
5 be used. For example, the clamping devices can be provided as controlled power 
transistors. 

[0057] Before describing in further detail operation of the inventive circuit, certain 
disadvantages in known circuits are described. FIG. 9 shows a load current signal iL for a 

10 lamp energized by a conventional resonant inverter, for example, having at least one 
storage capacitor. As is well known to one of ordinary skill in the art, the prior art load 
current iL has an flat signal envelope EU, EL determined by the storage capacitors. 
Charge flows to the storage capacitors via the rectifier diodes. While this arrangement is 
effective to energize the load adequately, the efficiency is less than optimal as the power 

15 transfer operation is not linear. 

[0058] In contrast as shown in FIG. 10, the inventive circuit 200 provides a load current 
signal iL having an envelope ESI, ES2 defined by an input signal, such as a conventional 
60 Hz line signal. The high frequency load current iL amplitude tracks the low frequency 
20 input signal so as to provide a linear, i.e., resistive load. The advantages of a load current 
having a substantially sinusoidal envelope will be readily apparent to one of ordinary skill 
in the art. 

[0059] FIG. 1 1, in conjunction with FIG. 8, shows the voltage signal VC at the point 
25 PCG between the first and second clamping diodes D1C, D2C. As can be seen, the VC 
voltage signal is clamped to a level VCV set by the charge stored in the first and second 
storage capcitors C01, C02. FIG. 12 shows the total clamping current iCl+iC2 signal 
having a signal envelope that is opposite of that of the input voltage signal. As can be 
seen, iG = iCl + iC2 +iF. The instantaneous voltage envelope at point PFB is the same 
30 as the input voltage signal VIN since the input inductor LI is substantially a short circuit 



at low frequencies, such as 60 Hz. When the input voltage VIN goes to the zero crossing, 
the voltage drop across the series capacitor CS, which is the difference between the fixed 
and variable voltages, will force the highest amount of total clamping current. While 
when the input voltage VIN goes to the peak, it will generate the lowest amount of total 
5 clamping current. Thus, the difference between the voltage at node VC and the 

instantaneous input voltage VIN generates the clamping current iCl+iC2, as shown in 
FIG. 12. The load current IL is also shown. The impedance of the series capacitor CS 
determines amount of the feedback current iF. Since the high frequency feedback current 
IF is constant in amplitude, because of the high impedance of the notch filter LI and CP, 
10 the load current envelope is a generally reverse replica of the envelope of the total 

clamping current iCl+iC2, thus making it similar to the shape of the input voltage VIN. 

[0060] While the series capacitor CS is shown as a capacitive element, it is understood 
that a variety of devices can be used to select a desired impedance for a particular 
15 application. For example, particular applications may substitute a component for the 
series capacitor having an impedance that is not primarily capacitive. This is equally 
applicable to other circuit components shown in the exemplary embodiments described 
herein. 

20 [0061] With this arrangement, the high frequency load current iL generated by the 

resonant circuit tracks the sinusoidal input voltage VIN to provide linear circuit operation 
and thereby enhance the overall efficiency of the circuit. The load current iL tracks the 
input voltage VIN even in the presence of the storage capacitors, which can sustain 
resonant circuit operation during zero crossings. 

25 

[0062] The enhanced efficiency provided by the linear load current is quite advantageous 
for operations where heat dissipation is an issue, such as dimmable reflectors. The 
inventive circuit provides less heat, less component stress, and lower EMI 
(electromagnetic interference). 
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[0063] FIG. 13 shows a further resonant circuit 200' having clamped feedback in 
accordance with the present invention. The resonant circuit 200' has commonality with 
FIG. 3 and FIG. 8 where like reference numbers indicate like elements. The circuit 200' 
of FIG. 13 is similar to the circuit 200 of FIG. 8 while having a full bridge rectifier. 

5 

[0064] Since the circuit 200' has first and second series capacitors CS1, CS2, the 
feedback current splits into a first feedback current signal iFl through the first series 
capacitor CS1 and a second feedback current signal iF2 through the second series 
capacitor CS2 back to respective nodes RAC1, RAC2 in the full bridge rectifier. 
10 Operation of the circuit 200' will be readily understood by one of ordinary skill in the art 
in view of the previous descriptions of at least the circuits of FIGs. 3 and 8. 



[0065] FIG. 14 shows a further embodiment of a resonant circuit 200" having clamped 
feedback in accordance with the present invention. The circuit 200" has commonality 
15 with the circuit of FIG. 4 as well as FIGs. 8 and 13, where like reference numbers indicate 
like elements. First and second clamping diodes D1C, D2C are coupled end-to-end to the 
cathodes of the respective first and second bridge diodes DF1 , DF2. Operation of this 
circuit will be readily understood in view of the circuits of FIGs. 4, 8, and 1 1 . 



20 [0066] FIG. 15 is another embodiment of a resonant circuit 200"' having clamped 
feedback in accordance with the present invention. The circuit 200"' includes 
commonality with the circuit of FIG. 5 as well as the circuit 200 of FIG. 8. 

[0067] FIG. 16 shows a circuit diagram for an exemplary implementation of the resonant 
25 circuit 200"' of FIG. 15. FIG. 17 shows exemplary component values for the elements of 
the circuit of FIG. 16 

[0068] In each of the circuits of FIGs. 8, 13, 14 and 15 an optional feedback adjustment 
impedance, here shown as a capacitor CDF, can be provided to tweak the feedback 
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current signal iF. It is understood that the impedance can be provided by a wide range of 
circuit components, both active and passive, having the desired impedance characteristic. 

[0069] It is understood that the inventive circuits described above with clamped feedback 
5 are useful in a wide range of applications. One such application is dimming circuits that 
adjust a light output level to desired level. While a flat load current may provide some 
dimming functionality, the advantages provided by a linear load current will be readily 
apparent to one of ordinary skill in the art. 

10 [0070] FIG. 18 shows exemplary waveforms 400, 402 for a dimming application in 
accordance with the present invention. Dimming circuits providing a dimming input 
voltage signal 400 are well known in the art. Known circuits for providing a dimming 
signal are typically triac-based. At a predetermined point, the triac turns on and stays on 
until the zero crossing ZC1 to energize the load circuit, such as the circuit 200 of FIG. 8. 

15 The input signal is off until the triac fires again and stays on until the next zero crossing 
ZC2. An exemplary prior art dimming circuit 50 is shown in FIG. 19 and a dimming 
signal output 55 is shown in FIG. 19A. U.S. Patent No. 6,603,274, which is incorporated 
herein by reference, also discloses dimming circuits. 

20 [0071] Referring again to FIG. 18, the load current 402 in the inventive clamping circuit, 
such as the circuit 200 of FIG. 8, has en envelope that tracks the input voltage signal. 
With this arrangement, the load current signal iL is linear when the circuit is energized by 
the dimming circuit. In a fluorescent lighting application for example, dimming of a 
fluorescent lamp is comparable to that of an incandescent lamp. One skilled in the art 

25 will recognize the advance provided in such an application. 

[0072] FIG. 20 shows an exemplary ballast 500 having a dimming circuit 550 providing 
an input signal to a feedback clamping circuit 505. It is understood that the clamping 
circuit 505 can be provided as the circuit 200 of FIG. 8, for example. The ballast 500 
30 energizes a fluorescent lamp and provides enhanced dimming of the lamp. 
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[0073] The present invention provides a circuit and method to clamp global load 
feedback such that the load current signal has an envelope the substantially tracks an 
input voltage signal. This arrangement enhances linear operation of the circuit so as to 

5 concomitantly increase efficiency. While the invention is described in conjunction with 
ballast circuits for fluorescent lamps, it is understood that the invention is applicable to a 
wide range of circuits in which it is desirable to promote linear operation. In addition, 
while the exemplary embodiments include storage capacitors to sustain the circuit 
through zero crossings for example, it is contemplated that circuits ultimately may not 

10 need storage capacitors. 

[0074] One skilled in the art will appreciate further features and advantages of the 
invention based on the above-described embodiments. Accordingly, the invention is not 
to be limited by what has been particularly shown and described, except as indicated by 
15 the appended claims. All publications and references cited herein are expressly 
incorporated herein by reference in their entirety. 

What is claimed is: 
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